Introduction
============

Ovarian cancer is one of the most common gynecologic malignancies worldwide. According to recent global statistics, \>230,000 new patients are diagnosed with this disease every year, and ovarian cancer accounts for \~140,000 mortalities annually ([@b1-mmr-20-03-2258]). Although detection techniques and chemotherapy regimens for ovarian cancer have improved in recent years, the 5-year survival rate of patients with advanced stage ovarian cancer is \~30% ([@b2-mmr-20-03-2258]). This low survival rate is primarily due to the number of patients diagnosed with ovarian cancer at late stages ([@b3-mmr-20-03-2258],[@b4-mmr-20-03-2258]). Notably, cancer cells become more resistant to conventional chemotherapeutic agents at later stages ([@b5-mmr-20-03-2258]). Therefore, the identification of novel therapeutic methods is critical to improve the prognosis of patients with ovarian cancer.

Minichromosome maintenance complex component 2 (MCM2) is one of the six proteins comprising the MCM complex, a stable heterohexamer crucial for the regulation of DNA replication ([@b6-mmr-20-03-2258],[@b7-mmr-20-03-2258]). In eukaryotic cells, DNA synthesis is initiated from defined sites, called replication origins. During the G1 phase, replication origins interact with the origin recognition complex (ORC), which induces the sequential recruitment of cell division cycle 6, chromatin licensing and DNA replication factor 1 and MCM2-7 to form a prereplication complex ([@b8-mmr-20-03-2258]--[@b10-mmr-20-03-2258]). During the S phase, the activation of the MCM complex by cell cycle kinases triggers the initiation of the DNA replication ([@b11-mmr-20-03-2258]). Additionally, the MCM complex restricts chromosome replication to only once per cell cycle ([@b11-mmr-20-03-2258],[@b12-mmr-20-03-2258]). Previous studies have demonstrated that in yeast MCM mutations lead to chromosome loss, DNA damage and increased recombination ([@b13-mmr-20-03-2258],[@b14-mmr-20-03-2258]). Consistent with previous studies on yeast, reduced expression levels of MCM2 in mice result in lymphomas ([@b15-mmr-20-03-2258],[@b16-mmr-20-03-2258]). A large number of studies have confirmed that MCM2 is a reliable proliferation and prognostic marker of oral, gastric, colon and breast cancer, suggesting that it may represent a more reliable marker than traditional ones, such as marker of proliferation Ki-67 (MKI67) and proliferating cell nuclear antigen ([@b17-mmr-20-03-2258]--[@b20-mmr-20-03-2258]). A number of previous studies have reported that the expression level of MCM2 is significantly higher in ovarian adenocarcinomas compared with low malignant tumors ([@b21-mmr-20-03-2258],[@b22-mmr-20-03-2258]) and a high level of MCM2 expression in malignant tumors is associated with higher grades, more advanced stages and poor prognosis ([@b23-mmr-20-03-2258],[@b24-mmr-20-03-2258]).

Since the regulation of the expression levels of MCM2-7 is involved in ensuring proper genome replication preventing genome instability, the present study aimed to investigate whether agents that inhibit MCM2 gene expression may suppress cellular proliferation, influencing the cell cycle and leading to cell apoptosis. Moreover, the present study aimed to examine whether, under replication stress conditions, a reduction in MCM2 expression could sensitize cells to the chemotherapeutic drug carboplatin. In the present study, the expression level of MCM2 was knocked down in the human ovarian cancer cell line A2780. Collectively, the aim of the present study was to develop a novel therapeutic strategy for treating ovarian cancer.

Materials and methods
=====================

### Cell culture

The human ovarian cancer cell line A2780 and the 293T cell line were obtained from The Chinese Academy of Sciences Committee and were verified by STR profiling. A2780 cells were cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.) containing 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin (Gibco; Thermo Fisher Scientific, Inc.). The 293T cells were cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.). All cells were incubated at 37°C in a humidified incubator with 5% CO~2~.

### Construction of the MCM2 short hairpin (sh)-RNA lentivirus vector and cell infection

RNA interference (RNAi) was used to downregulate the expression level of MCM2 in A2780 cells. Two shRNAs were used to target MCM2 and a scrambled shRNA was used as control ([Table I](#tI-mmr-20-03-2258){ref-type="table"}; all from Sangon Biotech Co., Ltd). These shRNA oligos were annealed and ligated using *Age*I and *EcoR*I restriction sites into the linearized pLKO.1-puro vector (Addgene) to generate pLKO.1-puro-MCM2 (shMCM2-1 and shMCM2-2) and pLKO.1-puro-control (shCON) recombinant vectors. The constructed shRNA-expressing vectors were then confirmed by DNA sequencing (Sangon Biotech Co., Ltd). The shRNA-expressing recombinant plasmids (2 µg) were transfected together with two helper plasmids, psPAX2 (1.5 µg) and pMD2.G (0.5 µg; both from Addgene) into 293T cells with Lipofectamine 2000™ transfection reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. Cell culture media containing lentiviral particles were collected 48 h after transfection. For cell infection, A2780 ovarian cancer cells were incubated in 6-well plates at a density of 4×10^5^ cells/well. Subsequently, media containing 1×10^6^ IFU/ml lentivirus in 8 µg/ml polybrene (Sigma-Aldrich; Merck KGaA) was added to A2780 cells for 24 h. Stably infected cells were selected using 1 µg/ml puromycin (Sigma-Aldrich; Merck KGaA) for 3--5 days and the RNAi knockdown efficiency was detected by western blot analysis.

### Western blot analysis

A2780 cells were treated with various concentrations of carboplatin (0, 20, 30 and 40 µg/ml) for 48 h at 37°C. Subsequently, the cells were lysed, and the total protein was extracted. Alternatively, A2780 cells were treated with various UV intensities (0, 20, 40 and 80 J). After 24 h, the cells were lysed, and the total protein was extracted. Cells were lysed for total protein extraction with a cell lysis buffer for Western and IP (cat. no. P0013J; Beyotime Institute of Biotechnology) containing protease inhibitor cocktail and PMSF (1%). The concentrations of total protein were quantified using a bicinchoninic protein assay kit (Beyotime Institute of Biotechnology). Extracted proteins were mixed with SDS-PAGE Sample Loading Buffer (cat. no. P0015; Beyotime Institute of Biotechnology) and boiled at 100°C for 10 min. The protein samples (20 µg/well) were separated by SDS-PAGE on 10--12% gels and transferred onto PVDF membranes (EMD Millipore). After blocking with 5% skimmed milk for 1 h at room temperature, the membrane was incubated at 4°C overnight with the following primary antibodies: MCM2 (1:1,000; cat. no. 3619; Cell Signaling Technology, Inc.), p53 (1:300; cat. no. 2527; Cell Signaling Technology, Inc.), γ-H2A histone family member X (γ-H2AX; 1:400; cat. no. 9718; Cell Signaling Technology, Inc.); H2AX (1:2,000; cat. no. ab124781; Abcam) and β-actin (1:3,000; cat. no. ab8224; Abcam). After washing with TBS-0.2% Tween-20 (TBST) three times, the membranes were incubated with horseradish peroxidase-conjugated goat anti-mouse (1:4,000; cat. no. ab205719; Abcam) or anti-rabbit secondary antibodies (1:4,000; cat. no. ab205718; Abcam) for 1 h at room temperature. Then, the membranes were washed with TBST three times. Specific bands were visualized using an ECL detection kit (Thermo Fisher Scientific, Inc.). The protein bands were visualized by autoradiography. The band intensity was measured using the ImageJ software (version 1.48; National Institutes of Health). β-Actin was used to normalize the protein expression levels and the relative expression levels were subsequently calculated.

### Cell proliferation assay

Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc.) was used to assess cell proliferation. The cells were seeded in 96-well plates in triplicate at a density of \~1×10^3^ cells/well and cultured in 100 µl RPMI-1640 for 24, 48, 72, 96 and 120 h. After incubation, the culture medium was replaced with 110 µl RPMI-1640 supplemented with CCK-8 reagent (10 µl CCK-8 in 100 µl RPMI-1640), and the cells were incubated at 37°C for 2 h. A microplate reader (BioTek Instruments, Inc.) was used to measure the optical density value at a wavelength of 450 nm. All experiments were performed in triplicate.

### Cell cycle assay

Exponentially growing cells were seeded into 6-well plates at a density of 4×10^5^ cells/well and synchronized in serum-free RPMI-1640 for 16--24 h. Then, the medium was replaced with RPMI-1640 containing 10% FBS and antibiotics. Following incubation for 24 h, cells were harvested, washed with ice-cold PBS, and fixed with precooled 70% ethanol overnight at 4°C. The next day, the fixed cells were washed with ice-cold PBS and stained with 500 µl propidium iodide (PI)/RNase Staining Buffer (BD Pharmingen; BD Biosciences) for 30 min at room temperature in the dark. Cell cycle analyses were performed with a flow cytometer (BD Biosciences). Cell cycle was analyzed using the ModFit software (version 4.1; Verity Software House, Inc.). The experiments were repeated three times.

### Cell apoptosis assay

To examine apoptosis, the cells were harvested (4×10^5^ cells/well) and washed twice with ice-cold PBS. Then, the cells were resuspended with 1X Annexin V binding buffer (BD Biosciences) and stained with PI and Annexin V-FITC according to the manufacturer\'s protocol (BD Biosciences). Cell apoptosis was detected by flow cytometry (BD Biosciences) and the assays were repeated three times. Cells negative for both PI and Annexin V were considered viable cells. PI-negative and Annexin V-positive cells were considered early apoptotic cells. PI-positive and Annexin V-positive cells were considered late-stage apoptotic cells. Cell apoptosis data were analyzed using BD CellQuest™ Pro software (version 6.1; BD Biosciences).

### Colony formation assay

The control and knockdown group cells were seeded in 6-well plates at a density of 1,000 cells/well. Cells were then exposed to 0, 2.5, 3.5, 5 and 7.5 µg/ml carboplatin (Qilu Pharmaceutical Co., Ltd.) for 48 h at 37°C. Then, the medium was replaced with complete culture medium. Following incubation at 37°C for 10--14 days, the cells were fixed with 4% paraformaldehyde at room temperature for 15 min and then stained with 0.5% crystal violet dye at room temperature for 10 min. Colonies containing \>50 cells were counted under a light microscope (magnification, ×100).

### Statistical analysis

Statistical analyses were performed using SPSS 23.0 software (IBM Corp.). Data are presented as the mean ± standard deviation from three experiments. Two-tailed Student\'s t-test was used to evaluate the differences between two groups. One-way ANOVA was used to evaluate the differences between multiple groups, and Dunnett\'s test was used as the post hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Lentivirus-mediated MCM2 knockdown in human ovarian cancer A2780 cells

To investigate the biological function of MCM2 in human ovarian cancer cells, shRNA targeting human MCM2 (shMCM2-1 and shMCM2-2) and a negative control (shCON) were infected into A2780 ovarian cancer cells to knockdown the expression of MCM2. The protein expression levels of MCM were investigated in stably infected A2780 cells by western blot analysis ([Fig. 1](#f1-mmr-20-03-2258){ref-type="fig"}), and the protein expression level of MCM2 was decreased by \~50% in shMCM2-1 (50.59±4%) and shMCM2-2 (49.1±3.6%) cells compared with cells infected with shCON ([Fig. 1](#f1-mmr-20-03-2258){ref-type="fig"}).

### Effects of MCM2 knockdown on proliferation, cell cycle distribution and cell apoptosis in A2780 cells

Since MCM2 was shown to serve an important role in DNA replication in eukaryotes, and as a previous study reported that knockdown of MCM2 causes cell death ([@b25-mmr-20-03-2258]), the present study investigated whether knockdown of MCM2 influenced cell proliferation, cell cycle and cell apoptosis. Therefore, CCK-8 assay was performed at different time points to measure cell viability. Notably, the proliferation of A2780 cells was significantly inhibited following knockdown of MCM2 compared with the control group at 4 and 5 days ([Fig. 2A](#f2-mmr-20-03-2258){ref-type="fig"}). To investigate the role of MCM2 in the regulation of the cell cycle, flow cytometry was performed. The present results suggested that inhibition of MCM2 in A2780 cells caused an increase in the G1 phase, whereas the number of cells in the G2 phase decreased compared with the control ([Fig. 2B](#f2-mmr-20-03-2258){ref-type="fig"}). The cell apoptosis assay suggested that cells infected with shMCM2 exhibited similar apoptotic rates compared with control cells ([Fig. 2C](#f2-mmr-20-03-2258){ref-type="fig"}). Therefore, MCM2 knockdown did not induce the apoptosis of A2780 cells. Notably, the present cell proliferation and apoptosis results were not in line with previous studies on hepatocellular carcinoma, lung carcinoma and esophageal cancer cells ([@b25-mmr-20-03-2258]).

### Knockdown of MCM2 enhances carboplatin sensitivity in A2780 cells

Since the knockdown of MCM2 did not significantly influence cell proliferation at 1--3 days, and the downregulation of MCM2 did not affect cell apoptosis under normal circumstances, the present study investigated whether the effects of MCM2 knockdown would increase if replication forks were put under stress by supplementation with DNA-damaging drugs. To examine whether knockdown of MCM2 could sensitize A2780 cells to the common ovarian cancer chemotherapeutic drug carboplatin ([@b5-mmr-20-03-2258],[@b26-mmr-20-03-2258]), a colony formation assay was performed. Control cells and MCM2 knockdown cells were treated with different concentrations of carboplatin. In the absence of carboplatin, all cells formed colonies ([Fig. 3](#f3-mmr-20-03-2258){ref-type="fig"}). Compared with the control group, the knockdown of MCM2 significantly decreased the colony formation of A2780 cells in response to various concentrations of carboplatin ([Fig. 3](#f3-mmr-20-03-2258){ref-type="fig"}). The present results suggested that the combined treatment of MCM2-shRNA and carboplatin significantly reduced the colony formation of A2780 cells compared with carboplatin treatment alone. Therefore, the present results support the hypothesis that the downregulation of MCM2 level can enhance the sensitivity of A2780 cells to carboplatin.

### Knockdown of MCM2 increases carboplatin and UV irradiation-induced double-strand breaks (DSBs) in A2780 cells

Next, the present study sought to identify the mechanism underlying carboplatin sensitivity in MCM2-knockdown cells. DNA damage and repair were investigated following treatment with two genotoxic agents, carboplatin and UV irradiation. Carboplatin treatment reduced the protein expression level of MCM2 in a dose-dependent manner ([Fig. 4A and B](#f4-mmr-20-03-2258){ref-type="fig"}). The present results suggested that MCM2 may serve a role in DNA damage and repair. However, the protein expression level of MCM2 was not affected in UV-irradiated cells ([Fig. 5A and B](#f5-mmr-20-03-2258){ref-type="fig"}). γ-H2AX is a sensitive marker of DNA DSBs ([@b27-mmr-20-03-2258]). Therefore, to investigate the effects of MCM2 knockdown on DNA damage and repair, γ-H2AX expression following DNA damage was analyzed by western blotting, and γ-H2AX expression was normalized to the total protein expression level of H2AX. The present results suggested that the γ-H2AX/total H2AX ratio increased in MCM2-deficient cells compared with control cells after treatment with carboplatin and UV ([Figs. 4A](#f4-mmr-20-03-2258){ref-type="fig"} and [5A](#f5-mmr-20-03-2258){ref-type="fig"}). The present results suggested that the ratio of γ-H2AX/total H2AX in cells treated with carboplatin and infected with shMCM2 was higher compared with control cells treated with carboplatin ([Fig. 4A and D](#f4-mmr-20-03-2258){ref-type="fig"}). Similarly, the UV irradiation experiment suggested that MCM2 knockdown significantly increased the ratio of γ-H2AX/total H2AX in A2780 cells exposed to UV irradiation at 20, 40 and 80 J ([Fig. 5A and D](#f5-mmr-20-03-2258){ref-type="fig"}). Therefore, the present results suggested that the enhanced sensitivity of MCM2-knockdown A2780 cells to carboplatin may have been caused by the accumulation of damaged DNA.

### DNA damage response in MCM2-deficient A2780 cells in vitro

The increased DNA damage in A2780 MCM2-knockdown cells after treatment with carboplatin and UV irradiation suggested that MCM2 may serve a role in mediating the DNA damage response. In a previous study, MCM2 was identified as a mediator of the DNA damage response when the replisome interacts with a genetic lesion ([@b28-mmr-20-03-2258]). Therefore, the present study investigated the influence of MCM2 knockdown on the expression levels of proteins associated with the DNA damage repair pathway. The present results suggested that the protein expression levels of the tumor suppressor gene p53 were increased in MCM2 deficient cells compared with control cells after carboplatin treatment ([Fig. 4A and C](#f4-mmr-20-03-2258){ref-type="fig"}) and UV irradiation ([Fig. 5A and C](#f5-mmr-20-03-2258){ref-type="fig"}). An important DNA damage repair pathway involves p53 ([@b29-mmr-20-03-2258]--[@b31-mmr-20-03-2258]), which in turn serves an important role in cell cycle arrest and apoptotic response following cellular damage. The increased protein expression level of p53 suggested the activation of the p53-dependent apoptotic response.

Discussion
==========

Carboplatin-based chemotherapy is the standard first-line treatment for patients with advanced stage ovarian cancer, tumor relapse or tumor metastasis. However, carboplatin-based chemotherapy resistance may occur and, in many cases, can result in treatment failure ([@b26-mmr-20-03-2258]). For this reason, reversing carboplatin resistance in ovarian cancer is the major focus of multiple research studies. A previous study demonstrated that in the cisplatin-resistant ovarian carcinoma cell line PE01^CDDP^, the MCM2 expression level was increased by \>2 folds compared with normal PE01 cells ([@b32-mmr-20-03-2258]). Therefore, the present study hypothesized that MCM2 may be associated with chemotherapy resistance in patients with ovarian cancer.

MCM2-7 is a key factor during replication initiation and elongation ([@b33-mmr-20-03-2258]). MCM2-7 was shown to interact with DNA during the G1 phase and is activated during the S phase, triggering DNA replication origin licensing and firing ([@b33-mmr-20-03-2258]). It has been reported that the MCM2/5 active site functions as an ATP-dependent 'gate' of the MCM2-7 ring, and that the status of this gate regulates the function of MCM2-7 ([@b34-mmr-20-03-2258]). Mutated MCM4 in mice causes a reduction in the overall levels of MCMs, leading to a high incidence of mammary adenocarcinomas ([@b35-mmr-20-03-2258]). Additionally, when the expression levels of MCM2 are decreased to 33%, the average mouse lifespan is significantly reduced due to the occurrence of various types of cancer, in particular T- and B-cell lymphoma ([@b16-mmr-20-03-2258]). Therefore, loss of MCM function in mice induces genome instability and cancer predisposition ([@b16-mmr-20-03-2258]). However, increased expression levels of MCM2 have been detected in various types of cancer, and were identified to be associated with advanced stages and poor prognosis ([@b21-mmr-20-03-2258],[@b36-mmr-20-03-2258],[@b37-mmr-20-03-2258]). Additionally, increased expression levels of MCM2 were identified to be associated with the upregulation of MKI67, an important marker of cell proliferation ([@b21-mmr-20-03-2258],[@b36-mmr-20-03-2258],[@b37-mmr-20-03-2258]). These previous studies indicated that the precise control of MCM2 expression is important to maintain the stability of the genome. Therefore, in the present study, the expression level of MCM2 was knocked down in A2780 ovarian cancer cells. RNAi was used to downregulate the expression level of MCM2, and the biological effects of MCM2 were investigated in A2780 cells. The present results demonstrated that MCM2 knockdown exhibited a limited effect on A2780 cell proliferation and cell cycle, and did not affect cell apoptosis. The present findings suggested that targeted inhibition of MCM2 may not be an adequate therapy without additional treatments.

Therefore, the present study hypothesized that the acute downregulation of MCM2 may allow the formation of a limited, but sufficient, amount of active MCM2-7 complexes. The present results are consistent with various previous studies that have reported that normal DNA replication rates and cell proliferation *in vitro* are maintained also when the protein expression levels of MCM are significantly decreased ([@b38-mmr-20-03-2258]--[@b41-mmr-20-03-2258]). The present findings can be explained by the fact that the MCM2-7 complex is abundant in proliferating cells and is recruited to the chromatin at levels that are 3--20 folds higher than the levels required to unwind the DNA at the replication fork ([@b42-mmr-20-03-2258]--[@b45-mmr-20-03-2258]). Furthermore, MCM hexamers are homogenously distributed on DNA, and are not accumulated at the levels of the replication origins and ORCs ([@b46-mmr-20-03-2258],[@b47-mmr-20-03-2258]). Previous studies have reported that MCM2-7 complexes can be found on DNA at significant distances from the ORCs ([@b46-mmr-20-03-2258],[@b47-mmr-20-03-2258]). Moreover, each genomic site containing MCM2-7 bound to the DNA is a candidate replication origin that can potentially initiate replication.

Next, the present study aimed to identify the function of the excess levels of MCMs compared with the number of replication origins. The present results suggested that a partial reduction in MCM2 had limited effects on cell proliferation, cell cycle and apoptosis. Therefore, the present study investigated effects of MCM2 knockdown in the presence of replication stress. Thus, various concentrations of carboplatin were added to A2780 control cells and MCM2-knockdown cells. After exposure to carboplatin, the survival rate of MCM2-knockdown cells decreased significantly compared with the control cells.

Collectively, the results of the present and previous studies have suggested that under normal conditions, sufficient MCM complexes are recruited to the chromatin at various potential origins of replication ([@b42-mmr-20-03-2258],[@b43-mmr-20-03-2258]). A previous study reported that following the initiation of replication at one replication origin, a signal is sent to inhibit the activation of additional replication origins ([@b45-mmr-20-03-2258]). However, when cells experience replication stress and the replication forks are stalled, the dormant origins of replication may be activated to rescue stalled or damaged primary replication forks ([@b45-mmr-20-03-2258]). In conclusion, cells maintain an excessive number of MCM2-7 complexes bound to dormant replication origins that can be activated during replication stress ([@b41-mmr-20-03-2258],[@b45-mmr-20-03-2258]). The present data revealed that after decreasing the expression level of MCM2, A2780 cells exhibited significantly reduced proliferation following treatment with carboplatin, a replication inhibitor. Under limited DNA replication licensing conditions, a reduced number of potential replication origins are available, and cells may require the additional dormant replication origins used to rescue collapsed replication forks. This hypothesis could explain the hypersensitivity of MCM2-knockdown cells to replication inhibitors. An excessive number of potential DNA replication origins not only serves as a backup system in case of collapsed replication forks, but are also important in the maintenance of genome stability, since mice with reduced MCM levels or function exhibit high rates of cancer incidence ([@b16-mmr-20-03-2258]). Additionally, a previous study reported that the increased number of potential DNA replication origins serves a role in suppressing genetic damage ([@b48-mmr-20-03-2258]).

Additionally, in the present study, carboplatin treatment decreased the protein expression level of MCM2 and increased the level of p53 in a dose-dependent manner. According to a previous study, DNA DSB signals elicit ATM serine/threonine kinase-dependent phosphorylation of checkpoint kinase 2 (Chk2) ([@b49-mmr-20-03-2258]). Activated Chk2 can transduce the signal via p53, which activates the transcription of the cell cycle inhibitor p21, leading to the downregulation of the protein expression level of MCM ([@b49-mmr-20-03-2258]). However, the decrease in the protein expression level of MCM2 was not significant in UV-irradiated cells, suggesting that MCM2 may serve various roles in response to different forms of DNA damage. Moreover, both the carboplatin-treated and UV-irradiated cells showed higher protein expression levels of γ-H2AX and p53 in MCM2-knockdown cells compared with control cells. γ-H2AX is a sensitive marker of DNA DSB ([@b27-mmr-20-03-2258]), and thus, the increased levels of γ-H2AX suggested that a higher frequency of DNA damage was present in MCM2-knockdown cells compared with control cells. The mechanism underlying MCM2 knockdown-mediated chemosensitivity in A2780 cells is unclear, but the present results suggested that the regulation of p53 was involved in this mechanism. The tumor suppressor gene p53 serves a pivotal role in the DNA damage response pathway, causing G1 cell cycle arrest, promoting DNA damage repair ([@b29-mmr-20-03-2258]) or inducing cell apoptosis to protect genome stability ([@b30-mmr-20-03-2258],[@b31-mmr-20-03-2258]). A previous study reported that defective apoptosis may contribute to resistance to platinum cytotoxicity, ([@b50-mmr-20-03-2258]) and cells with p53 deletions ([@b51-mmr-20-03-2258]) or mutations ([@b52-mmr-20-03-2258]) are more resistant to platinum, possibly due to the inactivation of the p53-dependent apoptotic response. Additionally, a previous study suggested that p53 signaling may sensitize cells to cisplatin ([@b52-mmr-20-03-2258]). Therefore, the sensitivity of MCM2-knockdown cells to carboplatin may be promoted by the activation of the p53-dependent apoptotic pathway. However, the specific mechanisms underlying MCM2 knockdown-mediated sensitivity of A2780 cells to carboplatin require further investigation.

In conclusion, the present data suggested that combined treatment with the chemotherapeutic agent carboplatin and MCM2 shRNA significantly enhanced the chemosensitivity of A2780 cells via upregulation of p53. Notably, the combined treatment was more effective than single treatment with either carboplatin or MCM2 shRNA alone. To the best of our knowledge, the present study is the first to suggest the inhibition of MCM2 as a strategy to potentiate the efficacy of carboplatin in ovarian cancer. However, only one cell type was used in the present study, and the reduction in the protein expression level of MCM2 following MCM2 was not optimal. Therefore, further experiments investigating various cell lines and overexpression models are required in order to identify the effects of MCM2 overexpression on cell proliferation, cell cycle and carboplatin resistance. The present findings suggested that the combination of MCM2 knockdown and carboplatin treatment may represent a novel therapeutic strategy to treat ovarian cancer. Additionally, MCM2 could represent a potential target for designing new drugs and for the development of novel therapeutic methods for ovarian cancer treatment.
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![Expression of MCM2 in the ovarian cancer cell line A2780 after infection with MCM2 shRNA or control vector was determined by western blot assay. MCM2 protein expression was significantly decreased following infection with MCM2-shRNA compared with the control. Data are presented as the mean ± standard deviation from three experiments. \*\*P\<0.01 vs. shCON. MCM2, minichromosome maintenance complex component 2; shRNA, short hairpin RNA; shCON, control shRNA; shMCM2, shRNA targeting MCM2.](MMR-20-03-2258-g00){#f1-mmr-20-03-2258}

![Effect of MCM2 knockdown on A2780 cell proliferation, cell cycle and apoptosis. (A) Cell proliferation was assessed using the Cell Counting Kit-8 assay at 0, 1, 2, 3, 4 and 5 days after infection. Cell proliferation was inhibited by MCM2 knockdown at 4 and 5 days. (B) Cell cycle was analyzed by flow cytometry. Representative cell cycle histograms of A2780 cells are presented. Cells treated with MCM2 shRNA exhibited a higher number of cells in the G0/G1-phase. (C) Cell apoptosis was determined by flow cytometry. Infection with shMCM2 did not induce apoptosis in A2780 cells. A representative flow cytometry analysis is presented. Data are presented as the mean ± standard deviation from three experiments. \*P\<0.05 vs. shCON. MCM2, minichromosome maintenance complex component 2; shRNA, short hairpin RNA; shCON, control shRNA; shMCM2, shRNA targeting MCM2; OD, optical density.](MMR-20-03-2258-g01){#f2-mmr-20-03-2258}

![MCM2-knockdown cells are hypersensitive to carboplatin. (A) Colony formation assays of A2780 cells expressing shMCM2 or shCON after exposure to various concentrations of carboplatin (0, 2.5, 3.5, 5 and 7.5 µg/ml). (B) Quantification of the colony formation assay. Data are presented as the mean ± standard deviation from three experiments. \*P\<0.05 and \*\*P\<0.01 vs. shCON. MCM2, minichromosome maintenance complex component 2; shRNA, short hairpin RNA; shCON, control shRNA; shMCM2, shRNA targeting MCM2.](MMR-20-03-2258-g02){#f3-mmr-20-03-2258}

![Knockdown of MCM2 increases the protein expression levels of γ-H2AX and p53 after treatment with carboplatin. (A) A2780 cells were treated with various concentrations of carboplatin (0, 20, 30 and 40 µg/ml) for 48 h. Subsequently, the cells were lysed and the total protein was extracted. Protein expression levels of MCM2, p53, γ-H2AX and total H2AX were detected by western blotting. MCM2 knockdown increased DNA damage-associated markers in response to carboplatin. (B) Quantification of the protein expression levels of MCM2, (C) p53 and (D) the γ-H2AX/H2AX ratio. γ-H2AX was used as an indicator of double-strand breaks. Data are presented as the mean ± standard deviation from three experiments. \*P\<0.05 and \*\*P\<0.01 vs. the respective control. MCM2, minichromosome maintenance complex component 2; shRNA, short hairpin RNA; shCON, control shRNA; shMCM2, shRNA targeting MCM2; H2AX, H2A histone family member X.](MMR-20-03-2258-g03){#f4-mmr-20-03-2258}

![Knockdown of MCM2 increases the protein expression levels of γ-H2AX and p53 after treatment with UV. (A) A2780 cells were treated with various UV intensities (0, 20, 40 and 80 J) for 24 h. Subsequently, the cells were lysed and the total protein was extracted. Protein expression levels of MCM2, p53, γ-H2AX and total H2AX were detected by western blotting. MCM2 knockdown increased DNA damage-associated markers in response to UV irradiation. Quantification of the protein expression levels of (B) MCM2, (C) p53 and (D) the γ-H2AX/H2AX ratio. γ-H2AX was used as an indicator of double-strand breaks. Data are presented as the mean ± standard deviation from three experiments. \*P\<0.05 vs. the respective control. MCM2, minichromosome maintenance complex component 2; shRNA, short hairpin RNA; shCON, control shRNA; shMCM2, shRNA targeting MCM2; H2AX, H2A histone family member X.](MMR-20-03-2258-g04){#f5-mmr-20-03-2258}

###### 

shRNA sequences.

  shRNA      Sequence (5′-3′)
  ---------- -----------------------------------------------------------
  shMCM2-1   CCGGGCTCTTCATACTGAAGCAGTTCTCGAGAACTGCTTCAGTATGAAGAGCTTTTT
  shMCM2-2   CCGGCTATCAGAACTACCAGCGTATCTCGAGATACGCTGGTAGTTCTGATAGTTTTT
  shCON      CCTAAGGTTAAGTCGCCCTCG

MCM2, minichromosome maintenance complex component 2; shRNA, short hairpin RNA; shCON, control shRNA; shMCM2, shRNA targeting MCM2.
